HE RED BLOOD CELL (RBC) membrane is composed of three major components: integral proteins, skeletal Protein 4.1, which is one of the key proteins of the skeletal proteins, and anchoring proteins.
1 approximately 200,000 copies per cell and interacts with the The skeletal network in the intact RBC membrane in situ skeletal proteins, spectrin and actin, to form the junctional has been shown to be a dense, sweater-like meshwork dicomplex. It also associates with integral proteins, glycophorectly laminating the inner leaflet of the lipid bilayer. [2] [3] [4] When rin C, and band 3. 1, 21 In vitro proteolysis studies have shown the meshwork is detached from the lipid bilayer and artifiprotein 4.1 to be composed of four major domains of 30, cially stretched, the extended skeleton has been described 16, 10, and 22/24 kD. 31 It participates in interaction with primarily as a hexagonal lattice. 2, [5] [6] [7] This lattice is basically spectrin and actin at its 10-kD domain 21, 29, 32 and is also concomposed of long spectrin filaments and junctional comnected to transmembrane proteins by its 30-kD domain. 21, 30, 33 plexes, which are located at the center and six corners of Therefore, protein 4.1 appears to play an important role in the hexagons. 2, [5] [6] [7] association with skeletal proteins horizontally, but also anThe locations of these membrane proteins under this stretched condition have been identified by immunogold labeling. 2, 8, 9 Ankyrin and band 3 were located 80 nm from the mers. 12, 15, 16 The ternary complex of actin-spectrin-4.1 along
Submitted August 14, 1996 ; accepted May 15, 1997. with actin-binding proteins, including adducin, is considered tion. 3, 4, [18] [19] [20] When examined by electron microscopy (EM) (Fig 2B) , in contrast to filaments in the normal subjects were 48 { 9 nm in length and 7 { 1 nm in diameter and appeared to be in a folded the normal subjects (Fig 2A) , in whom the immunogold particles with the anti-protein 4.1 antibody were found to be configuration. The skeletal network in normal RBCs (n Å 20, obs 272) showed a fairly uniform distribution of filamentous present normally by colocalizing at the skeletal network. In the normal subjects, the number of immunogold particles structures and also uniformity of apparent branchpoints of the filamentous elements in an essentially orderly fashion. with anti-protein 4.1 antibody was 186 { 29/mm 2 . Therefore, the total deficiency of protein 4.1, which had been suggested
The skeletal network in the normal subjects showed numerous basic units, resembling cages, the number of which was by biochemical analyses on SDS-PAGE as reported previously, 39 was proven morphologically by the immuno-EM. 548 { 39/mm 2 , as shown in Table 2 . These cage-like structures consisted essentially of two major types of units; ie, Skeletal networks examined by EM with the QFDE small (20 to 44 nm) and medium (45 to 68 nm) -sized units as determined by the interdistance (or diameter) of the longer axis of each structure. In the normal subjects, two thirds of maining one third were of medium size (25% { 6%). There
Subjects Madrid
were only a few large-size units (5% { 1%) in the normal
Mean { 1 SD Average subjects, as shown in Table 2 .
In contrast, in total deficiency of protein 4.1, the uniform The relative size distribution of these skeletal units was nm after SDS-PAGE was performed, as previously described. 39 The also quantitated by measuring the interdistance (or diameter)
relative ratios are given as percentages, and mean values { 1 SD are of the longer axis in each unit (Table 2 ). In the 4.1 (0)
shown. * Statistically significant reduction (P õ .05). nm) were markedly reduced (17 { 4/mm 2 ) compared with may be composed of entirely different components (and/or the same components organized differently in relationship the number in the normal subjects (384 { 52/mm 2 ). In their place, units of large size (69 to 92 nm) and of extra-large to one another) in the 4.1-deficient sample compared with the normal sample. size (93 to 240 nm), which were rarely observed in the normal subjects (5% { 1%), were markedly increased in the Aggregated spectrins in the skeletal network in situ. Intact RBCs of the normal subjects and of the 4.1 (0) Madrid 4.1 (0) Madrid case (64% { 14%). It should be noted that the structures being called small, large, or extra-large cages case were examined by EM with the surface replica method. The skeletal networks were further labeled by the immunogold particles conjugated with antispectrin polyclonal antibody. Representative results are shown in the normal subjects ( Fig 4A) and in the 4.1 (0) Madrid case (Fig 4B) . The filaments of the skeletal meshwork in situ were identi- arranged skeletal network (Fig 4A) , as observed by EM with
the QFDE method (Fig 3A) . 
Increased clustering of ankyrin in the skeletal network
IMPs examined by EM with the FF method. Intact RBCs were subjected to EM using the FF method, and representative in situ. Immuno-EM with antiankyrin antibody was also applied to normal cells and the 4.1 (0) Madrid RBCs. Repreresults are shown in Fig 6. In the normal subjects (n Å 20; Fig 6A) , the number of IMPs at the inner (so-called ''P'') face sentative results in the normal subjects (Fig 5A) and the 4.1 (0) Madrid case (Fig 5B) are shown.
was 5,390 { 420/mm 2 (obs 121), most (71% { 8%) of which were basically small (4 to 8 nm) in size (Table 3 ). In the RBCs Ankyrin was almost evenly distributed in the normal subjects (Fig 5A) . The number of immunogold particles (anof the protein 4.1 (0) Madrid case, the number of IMPs present was normal (5,275 { 329/mm 2 , n Å 1, obs 28), as shown in Fig  kyrin) was 150 { 34/mm 2 in normal subjects (n Å 20, obs 50). In contrast, large open areas without immunogold parti-6B. The size distribution of IMPs appeared to be unaffected; ie, 68% { 9% of small size (4 to 8 nm in diameter), 29% { 5% cles (ankyrin) were widely present in the 4.1 (0) Madrid case (Fig 5B; n Å 1, obs 10) . Although the number of immuof medium size (9 to 20 nm), and 3% { 2% of large size (ú21 nm), as shown in Table 3 . Therefore, no quantitative nogold particles of ankyrin appeared to be slightly diminished to 123 { 21/mm 2 (019.8% of the normal controls), IMP abnormalities were observed in this patient. However, there was a striking disappearance of the regular distribution the most striking feature was the rather clustered distribution of immunogold particles, which were still attached to the of IMPs of small size that was a major component of IMPs.
In the patient (Fig 6B) , IMPs were distributed like clustered basic units of the skeletal meshwork. There was a minor discrepancy in the ankyrin quantitation by SDS-PAGE (same icebergs with irregularly and widely open channels of water between them. In the normal subjects (Fig 6A) , on the other as normal control) and by the immunogold method [slightly less in the 4.1 (0) Madrid]. It might be due to the experimenhand, IMPs were more regularly distributed. In this patient, the IMPs appeared to form clusters of various sizes that were tal condition, in which the ankyrin labeling in situ was abnormal in the 4.1 (0) Madrid probably by the limitation of the composed by 3 to 10 IMPs (Fig 6B) . The uneven distribution of IMPs at the inner (so-called epitopes for ankyrin molecules. ''P'') face in the patient was proven by counting the numbers of IMPs were nearly identical at a larger scale (ie, per square micrometer), as shown in Table 3 . of IMPs in surface areas of a specific size by EM using the freeze fracture method, as shown in Table 4 . In normal subjects, approximately 80% of each membrane face area DISCUSSION contained 6 to 11 IMPs per 33 nm 2 . Only 2.4% of the memProtein 4.1 is known as one of the most important proteins brane areas contained 0 to 3 IMPs per 33 nm 2 . In contrast, because of its interaction with spectrin, actin, and integral in the 4.1 (0) Madrid RBCs, nearly 40% of the membrane proteins in the lipid bilayer. 1, 21 It has been shown that protein face areas contained 0 to 5 IMPs, although the total numbers 4.1 binds tightly to b-spectrin very near the actin binding After EM using the FF method was performed, the number of IMPs Intact RBCs were subjected to EM studies using the FF method. The number of IMPs at the inner (so-called ''P'') face in the homozygous (per each 33 nm 2 ) at the inner (so-called ''P'') face was counted to determine the distribution of IMPs on the membrane faces in 10 miprotein 4.1 (0) Madrid (n Å 1, obs 28) as compared with that in the normal subjects (n Å 20, obs 121) was counted. The results are shown crophotographs from each normal subject (n Å 5, obs 45,000) and the 4.1 (0) Madrid case (n Å 1, obs 9,000). 47, 48 probably within the N-terminal domain, 32 and also and disconnection of each basic unit of the skeletal network (Fig 3B) , although the amount of spectrin was only minithat its 10-kD domain strengthens the spectrin-actin binding.
29, 49 Using EM, it has been shown that protein 4.1 and mally decreased biochemically (Table 1) . Schematic diagrams of the skeletal network in normal and in the 4.1 (0) actin bind at the end of the b-spectrin molecule. 47 The ternary complex appears to be regulated by the extent of phosphoryMadrid are also shown in Fig 7. In addition, no functional abnormalities of spectrin, such as the dimer-dimer associalation by protein kinase A, 50, 51 by tyrosine kinase, 52 and by Ca 2/ and calmodulin. 53-55 Protein 4.1 also appears to have tion, were detected, as reported previously. 39 Therefore, the marked abnormalities of the skeletal network seem to be binding sites for band 3, glycophorin A (GPA), and glycophorin C (GPC), probably at its 30-kD domain. [56] [57] [58] Protein derived from the total protein 4.1 deficiency due to the primary genetic lesion, because other proteins, especially an-4.1-deficient RBCs have also been reported to be deficient in GPC and p55, but not in GPA or band 3. 38, 39, 59, 60 Protein choring proteins such as ankyrin and band 4.2, appeared to be nearly normally maintained (Table 1 ). 4.1 also interacts with myosin at its 10-kD domain. 61 However, most of the findings described above have been
The marked abnormalities in the 4.1 (0) Madrid case as detected by EM with the QFDE method ( Fig 3B) were obtained by in vitro experiments. Therefore, it should be clarified whether these interactions of protein 4.1 with other confirmed by immuno-EM with the surface replica method using antispectrin antibody (Fig 4B) . The filaments, which membrane proteins actually occur in the membrane structure in situ. If so, the primary deficiency of protein 4.1 should were identified as spectrin by immuno-EM, were distributed unevenly, forming their large clusters or abnormally lining yield a tremendous disruption of the skeletal network, resulting in severe hemolysis.
up close together (Fig 7) . However, the number of immunogold particles (spectrins) was only slightly diminished There have been several reports of homozygous patients with hereditary elliptocytosis, in which no protein 4.1 was (021.6%) in the 4.1 (0) Madrid case, as compared with the normal subjects. These results clearly imply that protein 4.1 detected. 34, 35, 38, 39, 41 Clinically, these homozygous patients with total deficiency of protein 4.1 demonstrate a severe, does actually play a critical role in maintaining the normal integrity of the skeletal network even in situ, as suggested transfusion-dependent hemolytic anemia with markedly fragmented elliptocytes. 34, 39 In these patients, the exact states by previous results obtained from in vitro experiments. It has been proposed that the skeletal network, which is of the skeletal network in situ have never been shown in detail, especially by EM, although the biochemical and gecomposed mostly of spectrin, is linked to the integral proteins, such as band 3, glycophorins, and others, via interacnetic results from in vitro experiments have strongly suggested marked impairment of the skeletal network. 63 In this 4.1 (0) Madrid case, the amount of protein 4.2 present was nearly normal and not deficient (Table 1) . Therefore, we studied him by EM using the surface replica method, which was combined with the immunogold method Ankyrin has been reported to be one of the major anchoring proteins connecting the skeletal network (especially using the anti-protein 4.1 antibody, because this procedure using antispectrin antibody had been successfully applied by spectrin) to the integral proteins (especially band 3). Therefore, it would be interesting to know whether the skeletal us to clarify the impaired skeletal network in b-spectrin Le Puy. 18 In this homozygous 4.1 (0) patient, immuno-EM network could be normally supported by the presence of ankyrin even in the total absence of protein 4.1. The amount proved that protein 4.1 was totally missing (Fig 2B) , as expected from the biochemical and genetic data. 39 of ankyrin present in this splenectomized patient with a normal reticulocyte count was nearly normal, but the disruption The skeletal network was initially visualized by EM with the negative staining method, especially in in vitro experiof the skeletal network was extremely marked, indicating that the critical role played by protein 4.1 in construction of ments. 5, 6, 62 The method, which was combined with the immuno-EM, yielded excellent results to demonstrate the bindthe skeletal network cannot be taken over by ankyrin. In addition, under a condition of the total absence of protein ing characteristics of several membrane proteins in vitro. However, the negative staining method was not free from 4.1, ankyrin tended to cluster, as shown by the immuno-EM with antiankyrin antibody (Fig 5B) . The extent of the artificial procedures, by which the RBC membrane ghosts were treated with chemical reagents to make the membrane clustering of ankyrin appeared to be more marked than that of spectrin. This may imply that, in addition to the primary skeleton spread by losing the in situ native structure of the membrane. Therefore, the replica method with the QFDE abnormalities of the skeletal network itself, the distribution of ankyrin was more directly affected in the absence of method for EM is believed to provide the best resolution for visualization of the in situ condition of the skeletal network. protein 4.1 (Fig 7) . Finally, the interaction of the skeletal network and the In this study, the intact structure of the skeletal network was clearly shown in normal RBC membranes (Fig 3A) .
integral proteins (especially band 3) under the total deficiency of protein 4.1 must be discussed. It has also been However, in the 4.1 (0) Madrid case, the skeletal meshwork was totally disrupted or distorted, as shown by disappearance speculated that protein 4.1 may play a biologic role in connecting the skeletal network to the integral proteins ( cially band 3) in the lipid bilayer, although there is much areas should contain the clustered IMPs, which should be composed mostly of the immobile band 3 attached to the controversy regarding this possibility. Surprisingly, the EM with the FF method (Fig 6B) showed no quantitative abnordistorted skeletal network and/or of the mobile band 3 trapped in collapsed compartments of skeletal proteins. malities in IMPs in the 4.1 (0) Madrid case (Table 3) , unlike the markedly decreased p55 and GPC, although protein 4.1 However, other areas should contain a much smaller number of IMPs (Fig 6B and Table 4 ). The abnormal distribution has been reported to have its binding to band 3. 33 The number of IMPs in this patient was normal, corresponding to the pattern of the IMPs in the 4.1 (0) Madrid case, therefore, appears to mostly reflect the markedly impaired skeletal disbiochemical results, which showed nearly normal band 3 content on SDS-PAGE. The sizing of the IMPs was also ruption (Fig 7) . Another consideration is a possible competitive interacidentical to that of normal subjects. The sizing of the IMPs is considered to be one of the typical indices for determining tion between ankyrin and protein 4.1. Ankyrin has its binding to band 3 near the N-terminus and also at a putative central the extent of oligomerization of band 3. Therefore, it appears evident that protein 4.1 has no substantial effect on the oligohinge. 33 Protein 4.1 also has its binding to band 3 predominantly near the N-terminus and also near the junction of the merization of band 3 (Fig 7) , although this interpretation may be reserved by the fact that the number of copies of cytoplasmic domain and the membrane domain of band 3.
33
Therefore, protein 4.1 may be competitive with ankyrin with band 3 (approximately 1,000,000/RBC) is too much greater than that of protein 4.1 (approximately 200,000/RBC) to regard to its binding to band 3. In the absence of protein 4.1, ankyrin (Ç100,000 copies/RBC) may have more opporappreciate significant differences in the oligomeric state of band 3.
tunities to bind to band 3 molecules, unless it otherwise has to share its binding to band 3 with protein 4.1. The increased However, the most striking feature of the abnormalities in the IMPs was their uneven distribution (Fig 6B and Table  binding of ankyrin to band 3 in the absence of protein 4.1 may enhance the clustering of band 3, which is connected 4). It has been reported that band 3 consists of a mobile fraction (one third) and an immobile fraction (two thirds), to or is trapped in the collapsed compartments of skeletal proteins. which is fixed to the skeletal network mostly by ankyrin. [63] [64] [65] [66] Therefore, a condition involving the marked disruption of Other integral proteins, such as p55 and GPC, which were also diminished secondary to the absence of protein 4.1, the skeletal network with clustering of spectrin and ankyrin should easily affect the state of the distribution of band 3, might be involved in the abnormalities of the IMPs to some extent, despite the fact that we have no direct evidence. resulting in an abnormal distribution pattern of IMPs. When examined using a smaller scale (33 nm 
